16 Changes in development in response to seasonally variable environments can produce 17 phenotypes adjusted to alternative seasonal conditions and help organisms cope with temporal 
Introduction

39
Phenotypic diversity results from complex interactions between organisms and their 40 environments, which happen at different time scales. External environmental conditions 41 contribute to selecting phenotypic variants across generations, but also to generating variation 42 during development. The phenomenon by which environmental conditions affect developmental 43 rates and/or trajectories, leading to the production of distinct phenotypes from the same 44 genotype, is called developmental plasticity [1] . This plasticity is said to be adaptive if the 45 phenotypes generated in response to the environment are better adjusted to the conditions the 46 organisms will experience during adulthood [1, 2] . In this manner, plasticity offers a means for 47 organisms to cope with environment heterogeneity, such as that characteristic of alternating 48 seasons. Seasonal polyphenism refers to alternative phenotypes being produced in response to 49 seasonally variable environmental factors, such as temperature and photoperiod [3, 4] . 50
Compelling examples include wing development in aphids [4, 5] , wing pigmentation in 51 butterflies [3,6-8], and diapause in a variety of animals [9, 10] . 52
53
Effects of external environmental factors on development have been amply documented for 54 various traits and species [11, 12] , as have gene-by-environment (GxE) interactions [13, 14] . 55 Efforts to partition genetic effects into additive and interaction components take into account 56 that there are multiple genes and alleles whose individual effects can depend on the genetic 57 context (GxG effects). In contrast, much less attention has been given to potential environment-58 by-environment (ExE) interactions [15] [16] [17] . Traditionally, experimental studies of 59 developmental plasticity have focused on the effects of single environmental factors held 60 constant during the time it takes to complete development. This is in stark contrast with the 61 complexity of natural situations, with multiple and highly dynamic environmental defined by the centre of the fifth eyespot, which is often used to document wing pattern 135 plasticity in this and other species [8, 34] , and four wing landmarks (on the wing margin and 136 intersection between veins; figure 1b-c) in that eyespot's wing compartment. We marked the 137 limits of each of the colour rings along the transect (central white focus, middle black disc, and 138 external golden ring) to determine ring diameters and calculate the approximate eyespot area 139 (considering it as a circle). The colour of eyespot rings and wing background were quantified 140 using the mean RGB values of the pixels in 3-pixel high rectangle centred on the transect. For 141 the wing background colour, we used the most proximal 50 pixels of the transect, corresponding 142 to a wing region without any defined colour pattern element (figure 1c 
Results
172
We tested the effect of circadian temperature fluctuations on different thermally plastic traits: 173 development time (figure 2), body size (figure 3), and wing pigmentation (figure 4). We first 174 compared phenotypes between the three treatments with constant temperatures to assess the 175 direction and strength of thermal plasticity in our B. anynana population and experimental 176 conditions. We then compared phenotypes between the three treatments of the same daily 177 average temperature to assess the contribution of day and night temperatures to phenotype 178 expression. We found different responses for different traits, including additive and non-179 additive effects of different types. We finally tested the correlation between development time 180 and eyespot size, using ours and another independent dataset (figure 5). 181
(a) Different contributions of day and night temperatures to development time 183
We confirmed thermal plasticity in B. anynana development time in our study population: We investigated two aspects of wing pigmentation (figure 4): relative eyespot size, which is a 221 trait well known to be thermally plastic, and wing background colour, which had not been 222 quantified before despite suggestions of it also varying between seasonal forms. As had been 223 noticed but not formally quantified before, females are lighter than males and wing background 224 darkness depends on rearing temperature, but only for males (figure 4a). Plasticity for eyespot 225 size was much stronger, with significant differences between all three constant temperature 226 treatments (figure 4b). This is in line with the well described thermal plasticity for B. anynana 227 eyespot size, with larger eyespots in animals reared at warmer temperatures, for both males and 228
females. 229 230
Relative to the comparison between constant and fluctuating temperatures of daily average of 231 23°C, we found similar results for males and females: no differences for wing darkness (figure 232
focus, middle black disc, and external golden ring), which also showed sex and temperature 237 differences in actual colours ( figure 4e and figure S1 ). It had been previously suggested that thermal plasticity in traits such as eyespot size, rather than 242 a direct response to temperature, is a correlated response to temperature-induced changes in 243 development time [32] . Accordingly, temperature directly affects development time (which is 244 slower under cooler temperatures) and it is development time that then leads to changes in other 245 thermally plastic traits, including eyespot size. This is not consistent with our results which 246
show that individuals reared at 19-27 developed slower than those from 27-19, but both had 247 larger eyespots than butterflies reared at 23°C. We thus went on to investigate the correlation 248 between development time and eyespot size, both across and within temperature treatments. We 249 used our dataset with five thermal regimes, as well as an additional independent dataset put 250 
